Abstract-Experimental
In this paper, we present the performance of microstrip transmission lines, standard square planar inductors, and bilayer planar transformers produced with standard silicon very large scale integration (VLSI) Al-Cu metallization and a thick polyimide dielectric. In this process, the top metal (TM) layer is the standard back-end metallization, and the metal layer above the top layer, the last metal (LM) layer, is separated from the TM layer by 12 m of polyimide (Fig. 1) .
II. SILICON-BASED TRANSMISSION-LINE, INDUCTOR, AND TRANSFORMER DESIGN
The design of microstrip structures, inductors, and transformers is well known in planar microwave-circuit technology. References [1] - [5] , [7] , and [9] - [12] provide important background. The lateral transformers presented here have been implemented using two metal layers in a lateral spiral design, as shown in Fig. 2 . The lateral transformers were constructed so that their windings make a "flattened" coil. If one were to travel along the path of the winding from ports 1 or 2 to ground, one would see coil segments on alternating LM and TM layers.
In standard planar spiral inductors and transformers, the majority of the magnetic field is perpendicular to the substrate, causing eddy currents and ultimately loss in the substrate. Lateral devices have a magnetic field that is primarily parallel to the substrate, which should result in reduced substrate loss. On the other hand, the lateral devices have overlapping winding segments that are expected to lower the resonant frequencies compared to the standard planar devices. Lateral windings also contain many vias, increasing the series resistance. A circuit model of the transformers can be seen in Fig. 3 [13] . In this model, M is the mutual inductance, and L1 and L2 are the leakage inductances and do not contribute to the coupling between ports 1 and 2. Capacitors C 1 and C 3 model the capacitance between the windings and the substrate and C2 models the interwinding capacitance. Assuming capacitors C1, C 2 , and C 3 are small, the mutual inductance M can be expressed as the imaginary part of Z 21 divided by the angular frequency !. The coupling coefficient is then defined as
where L11 and L22 are the imaginary parts of Z11 and Z22, respectively, divided by !.
An ideal transformer has no leakage inductance and, thus, from (1) has a coupling coefficient k equal to one. In the transformer model, the leakage inductances L 1 and L 2 cause k to be less than one. Physically, the leakage inductances are due to lines of magnetic flux that link one winding, but not both.
III. FABRICATION TECHNOLOGY
The fabrication cross section is shown in Fig. 1 . 
IV. EXPERIMENTAL RESULTS

A. Microstrip Transmission Lines
Microstrip test structures have been fabricated with various lengths, and widths of 15, 27, and 38.5 m. The effective dielectric constant for each transmission-line width was extracted with a typical value of 2.8. Fig. 4 shows the transmission-line loss in decibels per millimeter for each width. Also shown is the calculated loss as a function of frequency for the 15-m line using standard design equations that can be found in [5] . A polyimide loss tangent of 0.01 produced the best agreement between the measured data and predicted loss. The quality factor Q extracted for each set of transmission lines is shown in Fig. 5 and is calculated as
where T is the real part of the extracted propagation constant and is the imaginary part.
B. Square Planar Inductors
Planar spiral inductors on silicon substrates have been developed by several authors [9] - [11] . In our study, the square planar inductors were constructed on the LM layer. Each set consisted of a series of six inductors with an increasing number of turns. 
An equivalent circuit of the inductors is shown in Fig. 3 with M = 0. The peaking seen in the inductance plots is due to self-resonance. 
C. Lateral Transformers
Transformers with 10, 15, and 18 turns were fabricated, each with signal conductor widths of 45 m and winding segment lengths of 700 m.
The loss here is greater than that presented in [3] , but they have a wider bandwidth. Fig. 7 shows the maximum available gain of each transformer. It can be expressed as [14] 
The calculated parameter G ma reflects the gain of the system when the source and load reflection coefficients 0 S and 0 L are conjugately matched to the input and output reflection coefficients of the transformer, i.e., 0 IN and 0 OUT , respectively. Thus, the maximum avail- Fig. 8 . The 18-turn transformer has the highest coupling coefficient (0.6), but only has usable bandwidth from 1 to 5.5 GHz. The 15-turn transformer has a lower coupling coefficient (0.5), but has a larger bandwidth from 1 to 9 GHz. The ten-turn transformer has the lowest coupling coefficient (0.4), but the largest bandwidth from 1 to 12.5 GHz. At frequencies higher than 5.5 GHz for the 18-turn transformer, 9 GHz for the 15-turn transformer, and 12.5 GHz for the ten-turn transformer, the interwinding capacitance C 2 dominates S 21 . Above these frequencies, the structures no longer behave as transformers, but as a capacitive couplers.
V. CONCLUSIONS
Transformers, transmission lines, and inductors have been demonstrated in a production silicon VLSI HBT technology. Ten-, 15-, and 18-turn transformers have been built in a lateral orientation with wide-band performance. These devices offer improved performance from 5 to 20 GHz for silicon monolithic-microwave integrated-circuit (MMIC) applications.
